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Abstract. Formaldehyde columns retrieved from the Scan-
ning Imaging Absorption Spectrometer for Atmospheric
Chartography/Chemistry (SCIAMACHY) instrument on-
board ENVISAT satellite through 2003 to 2006 are used as
top-down constraints to derive updated global biogenic and
biomass burning flux estimates for the non-methane volatile
organic compounds (NMVOCs) precursors of formaldehyde.
Our interest is centered over regions experiencing strong
emissions, and hence exhibiting a high signal-to-noise ra-
tio and lower measurement uncertainties. The formalde-
hyde dataset used in this study has been recently made avail-
able to the community and complements the long record of
formaldehyde measurements from the Global Ozone Moni-
toring Experiment (GOME). We use the IMAGESv2 global
chemistry-transport model driven by the Global Fire Emis-
sions Database (GFED) version 1 or 2 for biomass burning,
and from the newly developed MEGAN-ECMWF isoprene
emission database. The adjoint of the model is implemented
in a grid-based framework within which emission fluxes are
derived at the model resolution, together with a differentia-
tion of the sources in a grid cell. Two inversion studies are
conducted using either the GFEDv1 or GFEDv2 as a pri-
ori for the pyrogenic fluxes. Although on the global scale
the inferred emissions from the two categories exhibit only
weak deviations from the corresponding a priori estimates,
the regional updates often present large departures from their
a priori values. The posterior isoprene emissions over North
America, amounting to about 34 Tg C/yr, are estimated to be
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on average by 25% lower than the a priori over 2003–2006,
whereas a strong increase (55%) is deduced over the south
African continent, the optimized emission being estimated at
57 Tg C/yr. Over Indonesia the biogenic emissions appear
to be overestimated by 20–30%, whereas over Indochina and
the Amazon basin during the wet season the a priori inven-
tory captures both the seasonality and the magnitude of the
observed columns. Although neither biomass burning inven-
tory seems to be consistent with the data over all regions,
pyrogenic estimates inferred from the two inversions are rea-
sonably similar, despite their a priori deviations. A number
of sensitivity experiments are conducted in order to assess the
impact of uncertainties related to the inversion setup and the
chemical mechanism. Whereas changes in the background
error covariance matrix have only a limited impact on the
posterior fluxes, the use of an alternative isoprene mecha-
nism characterized by lower HCHO yields (the GEOS-Chem
mechanism) increases the posterior isoprene source estimate
by 11% over northern America, and by up to 40% in tropical
regions.
1 Introduction
Formaldehyde (HCHO), a prominent aldehyde in the at-
mosphere, is formed as the result of photochemical oxi-
dation of hydrocarbons, but is also directly released dur-
ing biomass burning events and anthropogenic activities. In
the background troposphere, where methane concentration is
significantly higher than that of non-methane hydrocarbons
(NMHCs), methane is the dominant precursor of HCHO.
Over continental areas, additional oxidation of natural
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and anthropogenic non-methane volatile organic compounds
(NMVOCs) contributes significantly to the HCHO forma-
tion. On the global scale, about 60% of the produced
HCHO (ca. 1600 Tg/yr) originates from the methane oxida-
tion, 30% from isoprene degradation, 3% is formed either di-
rectly or through the oxidation of NMVOCs emitted during
fire events, and the remainder is generated by anthropogenic
sources (Stavrakou et al., 2009). Through its subsequent de-
composition by photolysis and reaction with OH, HCHO be-
comes a source of HO2, key actor in ozone formation and OH
production, and carbon monoxide, and thus impacts on the
oxidizing capacity of the atmosphere (Lelieveld and Crutzen,
1990).
Although the degradation of the NMVOCs does not rep-
resent the major part of the global HCHO production, im-
portant HCHO column enhancements are observed from
space over densely forested areas due to the combination
of biomass burning and high isoprene emission fluxes, and
to a lesser extent over regions with sustained human ac-
tivities. Satellite measurements constitute therefore an im-
portant means in order to constrain the emission budget of
NMVOCs. Previous studies have exploited the capability of
HCHO columns from the Global Ozone Monitoring Exper-
iment (GOME) satellite instrument to provide crucial infor-
mation on the underlying NMVOCs. These studies focused
on the biogenic emission estimates over the North American
continent throughout the period from 1996 to 2001 (Palmer
et al., 2003, 2006; Abbot et al., 2003), or on the global scale
(Shim et al., 2005), whereas more recently, North American
isoprene emissions have been derived from HCHO columns
measured from the Ozone Monitoring Experiment (OMI)
satellite instument for the summer of 2006 (Millet et al.,
2008). Long-term GOME HCHO columns have also been
used as a way to improve the regional NMVOC estimates in
East and South Asia (Fu et al., 2007). The aforementioned
modelling studies have been carried out using the GEOS-
Chem chemistry-transport model and the Harvard retrieval
of HCHO columns (Chance et al., 2000, 2002).
The time series of GOME HCHO observations has been
recently complemented by HCHO columns retrieved from
the Scanning Imaging Absorption Spectrometer for At-
mospheric Chartography/Chemistry (SCIAMACHY) UV-
visible nadir sounder onboard ENVISAT (De Smedt et al.,
2008). This retrieval exercise is based on a new fitting
window applicable to both GOME and SCIAMACHY aim-
ing to ensure the quality and consistency of the derived
HCHO dataset, which spans the 12-year period from 1996
to 2007. In our study HCHO columns measured from SCIA-
MACHY between 2003 and 2006 are used to provide con-
straints to the current estimates of the parent NMVOC fluxes
(Sect. 2.1). Our focus will be on biomass burning and
biogenic emissions, responsible for the enhanced measured
HCHO columns over tropical areas, as well as in the mid-
latitudes during the growing season. The NMVOC emission
strengths are recognized to be highly uncertain for tropical
ecosystems due to the scarcity of field measurements, al-
though valuable information has become recently available
(Karl et al., 2007a,b; Cohen et al., 2008).
The IMAGESv2 global chemistry-transport model (Mu¨ller
and Stavrakou, 2005; Stavrakou et al., 2009) provides the a
priori estimate for HCHO columns (Sect. 2.2). The model is
driven by bottom-up isoprene emissions taken from Mu¨ller
et al. (2008). This database uses the MEGAN algorithm
(Guenther et al., 2006), is driven by meteorological fields
from the European Center for Medium-Range Weather Fore-
casts (ECMWF), and is coupled with a canopy environ-
ment model. Two a priori pyrogenic emission inventories
are tested in this study: the Global Fire Emission Database
(GFED) version 1 (van der Werf et al., 2004), and version 2
(van der Werf et al., 2006), both based on satellite fire prod-
ucts, and covering the target period 2003–2006 (Sect. 2.3).
Previous work indicated that, despite the improved method-
ology and input data utilized in the updated GFEDv2, this
database still has several limitations (Stavrakou et al., 2009).
To keep the influence of SCIAMACHY column errors
minimal, data with low signal-to-noise ratio are excluded
from the analysis (Sect. 3.1, 3.2). The adopted grid-based
inverse modelling approach has been used earlier to provide
improved emission estimates of reactive species (Stavrakou
and Mu¨ller, 2006). It allows for the optimization of the
emission strengths at the model resolution, providing a dif-
ferentiation among the emission sources, while accounting
for the interactions between chemical compounds (Stavrakou
et al., 2008). (Sect. 3.3). Using monthly averaged observed
HCHO columns as constraints, two inversion studies are per-
formed, using GFEDv1 or GFEDv2 as a priori for pyrogenic
NMVOC emissions, and updated top-down global emission
estimates are derived for the NMVOC sources over 2003–
2006 (Sect. 4). Comparisons with previous modelling work
are presented, as well as a number of sensitivity studies con-
ducted to quantify how different parameters of the inversion
setting influence the inferred solution (Sect. 4.6).
2 Observations and model description
2.1 HCHO column abundances from SCIAMACHY
The SCIAMACHY UV-visible nadir sounder, onboard EN-
VISAT (2001), has been used to retrieve global tropospheric
HCHO columns by applying the differential optical absorp-
tion spectroscopy (DOAS) technique (Platt et al., 1994) in
the near UV region.
Slant columns are fitted within the 328.5–346 nm wave-
length range using the DOAS analysis software (Van
Roozendael et al., 1999). The applied HCHO absorption
cross-sections are those of Cantrell et al. (1990) shifted by
0.08 nm and convolved to the resolution of the instrument
(De Smedt et al., 2008). This shift leads to a reduction by
8% of the obtained HCHO slant column within the spectral
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window used for the retrieval. The derived columns are
found to be within 2% of the columns which would be ob-
tained using the Meller and Moortgat (2000) dataset (see
also in the interactive discussion of the paper). In the air mass
factor calculation, weighting functions have been evaluated
from radiative transfer calculations performed with a pseudo-
spherical version of the DISORT code (Stammes et al., 1988;
Kylling et al., 1995). For each observation, a sensitivity func-
tion is interpolated through a look-up table of the scattering
properties of the atmosphere, modelled for a number of rep-
resentative viewing geometries, UV-albedos and ground alti-
tudes. The normalised HCHO profile is provided by the IM-
AGESv2 model (Stavrakou et al., 2009) on a monthly basis
and interpolated for each satellite geolocation. A correction
for cloud effects is applied based on Martin et al. (2001),
but no correction for the effects of aerosols is considered in
the current version of the dataset. Cloud information is ob-
tained from the Fast Retrieval Scheme for Cloud Observables
(FRESCOv5) product (Koelemeijer et al., 2002; Wang et al.,
2008). The surface albedo distribution is obtained from the
climatology of Koelemeijer et al. (2003).
A random and a systematic error component of the slant
columns is estimated (De Smedt et al., 2008). The random
error on the slant columns reaches 1016 molec./cm2, whereas
the systematic error, accounting for different sources of un-
certainties (e.g. absorption cross-sections, inaccurate cali-
bration, etc.), ranges from 2.5×1015 in tropical regions to
8.0×1015 molec./cm2 at high latitudes. The error on the air
mass factor calculations is estimated at 18% under clear sky
conditions, but increases in the presence of clouds to reach
50% for a cloud fraction equal to 50%. On average, the total
uncertainty on the monthly HCHO vertical column ranges
between 20 and 40% for regions with high signal to noise
ratio (De Smedt et al., 2008). The monthly mean HCHO
columns used in this study are calculated using observations
with a cloud fraction below 0.4.
2.2 The IMAGESv2 global CTM
The IMAGESv2 CTM is an updated version of the IMAGES
model (Mu¨ller and Brasseur, 1995; Mu¨ller and Stavrakou,
2005) with updates and improvements briefly discussed in
this section.
The model calculates the distribution of 68 chemical com-
pounds in the global troposphere at a resolution of 5 degrees
in latitude and in longitude, with 40 levels in the vertical.
Advection of chemical compounds is driven by monthly av-
eraged winds obtained from ECMWF operational analyses
from September 2002 to December 2006. Boundary layer
diffusion, deep convection and other cloud processes are pa-
rameterized based on daily ECMWF fields. As the model
time step is one day, diurnal variations in the photorates and
in the concentrations are accounted for through correction
factors (Stavrakou et al., 2009). The HCHO diurnal pro-
files are also used to estimate the HCHO concentration at the
satellite overpass time (10:00 h local time) from the daily av-
eraged values calculated with one day time step. The impact
of the adopted numerical implementation (use of a long time
step and of correction factors to account for the diurnal cy-
cle) on the modelled HCHO columns was found to be on the
order of a few percents in a sensitivity study using an explicit
diurnal cycle with a 20-min time step and the KPP chemical
solver (Stavrakou et al., 2009). The modelled columns are
confronted with HCHO column data (binned onto the model
horizontal grid and monthly averaged) between 1 January
2003 and 31 December 2006, following a 4-month spin-up
time. The calculated monthly averaged HCHO columns ac-
count for the sampling times of observations at each location.
The inorganic reactions, as well as the methane chemistry
are as in Mu¨ller and Stavrakou (2005), with updates from
Sander et al. (2006). The chemical mechanism comprises
15 explicit NMVOCs: acetic acid, methanol, ethane, ethene,
acetylene, propane, propene, acetone, biacetyl, isoprene, 2-
butanone, glyoxal, methylglyoxal, glycolaldehyde, and ac-
etaldehyde. The degradation mechanism for the majority of
the NMVOCs is mostly based on the Master Chemical Mech-
anism (MCM) (Saunders et al., 2003), whereas for isoprene,
the Mainz Isoprene Mechanism (MIM) (Po¨schl et al., 2000),
also reduced from MCM, is adopted with some modifications
(Stavrakou et al., 2009). Given the large number and diver-
sity of the NMVOCs involved in the HCHO production, a
box model study using MCM has been carried out in order
to determine the HCHO yields from the NMVOCs oxidation
under high (1 ppbv NO2) and low NOx conditions (0.1 ppbv
NO2). The chemical mechanism is then modified so as to re-
produce the MCM-computed HCHO yields (Stavrakou et al.,
2009).
Short-term and final HCHO yields from the emitted
NMVOCs in IMAGESv2 are calculated after one day or
two months of box model simulations, respectively, and
illustrated in Fig. 1.The simulations are performed under
high NOx conditions (1 ppbv NO2), and are initialized with
0.1 ppbv NMVOC, 35 ppb O3, and 100 ppb CO. The com-
pounds explicitly included in the chemical scheme represent
87% of the total short- and long-term HCHO production,
based on the pyrogenic emission speciation of Andreae and
Merlet (2001) with updates from M. O. Andreae (personal
communication, 2007), and on the global biomass burnt es-
timates taken from the a priori biomass burning inventories
(Sect. 2.3). The remainder (13%) is accounted for by a sur-
rogate species (Stavrakou et al., 2009).
As displayed in Fig. 1, the highest short-term yields
per unit-carbon are calculated for ethene (C2H4, 0.7),
propene (C3H6, 0.6), biacetyl ((CH3CO)2, 0.5), acetaldehyde
(CH3CHO, 0.47) and isoprene (C5H8, 0.46), whereas abun-
dantly emitted species like methanol (CH3OH) and acetic
acid (CH3COOH) have very small one-day yields, but are
important contributors to the final HCHO production.
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Fig. 1. IMAGESv2-computed HCHO yields per unit carbon from
the oxidation of NMVOCs under high NOx (1 ppbv NO2) condi-
tions. Short-term and ultimate yields are represented by blue and
red rectangles, respectively. Only one rectangle is shown for species
having the same short-term and final yield.
2.3 A priori emissions
Anthropogenic CO and total NMVOC emissions are pro-
vided by the EDGAR v3.3 database for 1997 (Olivier et al.,
2001; Olivier, 2002), while speciation for VOC emissions
is taken from the POET database (Olivier et al., 2003), ex-
cept for biofuel emissions where the up-to-date speciation
by M. O. Andreae (personal communication, 2007) is used.
The Global Fire Emissions Database (GFED) version 1
(van der Werf et al., 2004), which has been extended un-
til 2006, and version 2 (van der Werf et al., 2006) provide
the a priori distributions of vegetation fires for the period
for 2003–2006. In both inventories, monthly carbon fire
emissions are estimated at 1 degree spatial resolution, by
using satellite fire activity data converted into burned area
together with biogeochemical modelling. Trace gas emis-
sions are derived from the carbon emissions using emission
factors from Andreae and Merlet (2001) with updates from
M. O. Andreae (personal communication, 2007). In the cur-
rent version of the model, pyrogenic emissions of 15 explicit
NMVOCs are included, whereas the C4H10 lumped species
accounts for the emissions of non-explicit NMVOCs. The to-
tal NMVOC biomass burning emissions amount on average
for the 4-year period to 94 Tg/yr for GFEDv1 and to 90 Tg/yr
for GFEDv2.
The principal updates of the GFEDv2 inventory with re-
spect to GFEDv1 are (i) the use of hot spots from the Mod-
erate Resolution Imaging Spectroradiometer (MODIS); (ii)
the large number of processed burned area tiles allowing to
account for regional variations; (iii) a regional relation be-
tween fire hot spots and burned area (Giglio et al., 2006); (iv)
the inclusion of combustion of belowground carbon, a source
at least as important as the above ground carbon burning in
regions like Southeast Asia; and finally, (v) the use of fire
persistence which increases the combustion completeness in
deforestation areas.
A diurnal fire profile based on Giglio (2007) is applied
to the diurnal cycle calculations with the model (Stavrakou
et al., 2009). Moreover, the large-scale biomass burning
emissions are distributed over six layers from the surface
to 6 km ((0–100 m, 100–500 m, 500–1000 m, 1000–2000 m,
2000–3000 m, 3000–6000 m), according to the fractional
partitioning provided in Dentener et al. (2006).
The MEGAN-ECMWF inventory for isoprene emissions
(Mu¨ller et al., 2008) used in this study accounts for the diur-
nal, daily, seasonal, and interannual variability of the emis-
sions. It is based on the MEGAN model (Guenther et al.,
2006), which is driven primarily by landcover, temperature,
and solar radiation, and on a detailed canopy environment
model. The emission rate of isoprene is defined as
E = 0.52 ·  · (∑
k
(γP )k · (γT )k · (LAI)k
) · γage · γSM, (1)
where  (mg/m2/h) is the emission at the standardized con-
ditions defined in Guenther et al. (2006), and the factor 0.52
is introduced in order to ensure that E= under these con-
ditions (Mu¨ller et al., 2008). The dependence on the pho-
tosynthetic photon flux density (PPFD, µmol/m2/s) and the
leaf temperature is considered by the emission activity fac-
tors γP and γT , respectively (Guenther et al., 2006). The
sum is considered over the eight layers of the canopy envi-
ronment model (Mu¨ller et al., 2008). The emission response
to the leaf growth state and the soil moisture stress is ac-
counted for by the activity factors γage and γSM (Guenther
et al., 2006). The total isoprene emission for a given grid cell
is then expressed as the sum of the emissions calculated for
all plant functional types present in the given cell, for clear
sky and cloudy conditions.
Operational ECMWF analyses for the downward solar
flux, the cloud cover fraction, the air temperature, the dew-
point temperature, and the windspeed directly above the
canopy are used to drive the isoprene emission model.
Monthly mean LAI values are climatological values derived
from the MODIS satellite instrument. The emissions, avail-
able at 0.5 degree resolution, are daily averaged and gridded
onto the resolution of IMAGESv2.
The biogenic source of methanol is as in Stavrakou et al.
(2009). The biogenic source for CO, NOx and NMVOCs, as
well as ocean emissions of CO and NMVOCs are taken from
Mu¨ller and Stavrakou (2005).
3 Inversion analysis
3.1 Data selection for the inversion
The criteria for selecting the data used as constraints in the
inversion are specified here. Data are excluded when the
Atmos. Chem. Phys., 9, 3663–3679, 2009 www.atmos-chem-phys.net/9/3663/2009/
T. Stavrakou et al.: Multi-year inversion of SCIAMACHY formaldehyde columns 3667
Fig. 2. Left panels: averages of the SCIAMACHY HCHO columns for winter (DJF), spring (MAM), summer (JJA), and fall (SON) 2006.
Center panels: seasonally averaged 2006 HCHO columns simulated using IMAGESv2 driven by the GFEDv2 inventory for vegetation
fire emissions. Right panels: seasonally averaged IMAGESv2 columns derived from the I2 inversion study for the same year. Units are
1015 molec./cm2.
calculated error on a model grid cell exceeds 70%. The
estimated error on the HCHO columns comprises a ran-
dom and a systematic component, as well as the error on
the air mass factor calculation (Sect. 2.1). In addition, we
reject data in the vicinity of the South Atlantic anomaly
(SAA), a region characterized by strong radiation and a
weak geomagnetic field strength. We use the location of
the SAA (latitude=−26.1◦, width=16.7◦, longitude=−47.4◦,
width=28.4◦) as derived in Nichitiu et al. (2004), and we ex-
clude those data for which the distance from the SAA loca-
tion defined as d= exp(−( k+47.4−36028.4 )2−( i+26.116.7 )2) is higher
than 0.7, where k, i is the longitude and latitude of the loca-
tion. Further, as we do not optimize HCHO production from
methane oxidation, oceanic data are also excluded from the
current analysis. Seasonal averages of the data used in the
inversion for the year 2006 are displayed in the left column
of Fig. 2.
3.2 Modelled vs. observed HCHO columns
Two model simulations are conducted, using either the
GFEDv1 or the GFEDv2 database as bottom-up inventory
for biomass burning emissions. The middle column of Fig. 2
illustrates seasonal averages of the a priori modelled HCHO
column abundancies for 2006 calculated using the GFEDv2
emission inventory, to be compared with the corresponding
observed HCHO columns on the left column of the same fig-
ure.
The largest columns are mostly associated to the emissions
due to fires, and to the biogenic fluxes during summertime
over the temperate forests of the Northern Hemisphere. Col-
umn abundancies can reach values up to 2×1016 molec./cm2,
whereas values higher than 1×1016 molec./cm2 are observed
most of the year in tropical regions, largely because of iso-
prene emitted by the evergreen vegetation. The a priori
columns shown in this figure, capture quite well the observed
patterns and seasonality, as well as the observed column
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enhancements in most of the regions of interest, although a
closer look reveals discrepancies as to the magnitude of the
columns, pointing to biases in the a priori NMVOC fluxes.
The biogenic and pyrogenic NMVOC emission estimates
that best reproduce the observations within their uncertain-
ties and account for the assigned errors on the a priori emis-
sions, will be quantified through inverse modelling, whose
general approach is described hereafter.
3.3 Grid-Based Inversion Setup
A thorough discussion of the inversion scheme is presented
in Mu¨ller and Stavrakou (2005) and Stavrakou and Mu¨ller
(2006). In this section we explain in short the main steps of
the inversion.
Let 8prj (x, t) be the a priori emission distribution, where
j=1, ..., m denote the different emission categories, x
the space variables (latitude, longitude, and altitude), and
t the time (month). The a priori 8prj (x, t) and opti-
mized 8opt (x, t, fj ) spatiotemporal emission distributions
are linked through the expression
8opt (x, t, fj ) =
m∑
j=1
exp(fj )8prj (x, t), (2)
where m is the number of base functions, and f=(fj ) the
vector of dimensionless control parameters to be determined
so that the function J ,
J (f) = 1
2
[
(H(f)− y)T E−1(H(f)− y)+ fT B−1f], (3)
quantifying the bias between the modelled HCHO columns
H(f) and the observed columns y, reaches its minimum. In
this equation, E and B are the matrices of errors on the ob-
servations and the emission parameters, respectively, and T
means the transpose. The observation error matrix E, as-
sumed diagonal, comprises the error on the vertical columns
and a model error of 20%, based on sensitivity calculations
(Stavrakou et al., 2009). The matrix B is non-diagonal. Its
specification lies on assumptions made for the processes re-
sponsible for the estimated emission rates in the bottom-up
inventories, as explained in the next section. The derivatives
of J with respect to each component of f are computed us-
ing the adjoint of the model. By using J and its derivatives in
an iterative minimization algorithm (Gilbert and Lemare´chal,
1989), we obtain an updated estimate for f. Once the norm of
the gradient of J is reduced by a factor of 100 compared to
its initial value (usually after 10–20 iterations), we consider
that J has reached its minimum.
The inversion approach adopted in this study consists in
estimating the emission fluxes at the model resolution for
each emitting process and month between 2003 and 2006
(Stavrakou and Mu¨ller, 2006; Stavrakou et al., 2008). The
unknowns to be determined for each source category are
equal to 120 960 (4 years×12 months×72 longitudes×35 lat-
itudes). To exclude from the analysis grid cells with very low
emissions, we apply a threshold value for the a priori max-
imum emission per category in the 4-year period in a given
grid cell equal to 109 molec./cm2/s. An emission lower than
this value in a grid cell for a category is not optimized. This
requirement reduces the number of unknowns: ∼30 000 for
vegetation fires, and ∼45 000 for biogenic sources. More-
over, we bring in the inversion extra constraints in the form
of correlations among the a priori errors on the emission pa-
rameters. These correlations are implemented through the
off-diagonal elements of the matrix B (Stavrakou and Mu¨ller,
2006).
The spatiotemporal coexistence of the different HCHO
sources is a recognized inherent difficulty in the derivation
of the underlying emissions of HCHO precursors. This
very challenging and yet unresolved question is tackled in
this study by using the prescribed spatiotemporal correlation
setup discussed in the next section. It is based on physical as-
sumptions of how the emission from a source type in a given
month and location is expected to correlate with the emission
estimated at neighbouring months and locations. Through
this framework, the inversion is expected to find a compro-
mising state in between the emission pattern borrowed from
the a priori inventories and the HCHO observations within
their assigned and measured uncertainties, respectively.
3.4 Specifying the Error Covariance Matrix
The diagonal elements of B are defined as the squares of the
relative error on the fluxes emitted by a grid cell. The rel-
ative errors on the biomass burning and biogenic emission
parameters are taken equal to 0.9.
The spatial and temporal components of B are considered
as statistically independent, and therefore B can be decom-
posed as B=B(r)B(t). The spatial correlations between er-
rors on the pyrogenic and biogenic sources emitted by the
grid cells i and j are assumed to decay exponentially with
the distance dij between the cells,
Bij (r) = exp (−dij/`)(σφi/φi)2, (4)
where the decorrelation length ` is taken equal to 500 km for
both emission categories, φi denotes the total flux emitted in
the grid cell i from pyrogenic or biogenic sources, σφi the
error on the flux and σφi/φi the relative error. For biogenic
emissions a dependence on the distribution of ecosystems is
also assumed:
Bij (r) =
∑
n,m
eni e
m
j exp (−dij/`)(σφi/φi)(σφj /φj ), (5)
with eni being the fraction of the flux emitted in the ith
grid cell by the ecosystem n, according to the plant func-
tional type distribution of Guenther et al. (2006) used in the
MEGAN-ECMWF inventory. By this way, the errors on the
emissions from different plant functional types are assumed
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Table 1. Inversion studies performed.
Inversion A priori pyrogenic
study emissions
GFEDv1
I1 van der Werf et al. (2004)
GFEDv2I2
van der Werf et al. (2006)
to be uncorrelated. Further, the temporal component of the B
matrix is specified by assuming that for both emission cate-
gories the values of the off-diagonal terms decrease linearly
between 0.2 and zero as the distance between the months in-
creases (0.2 for successive months, zero for a six-month in-
terval). Interannual correlations are not considered. Sensi-
tivity studies, carried out to assess the impact of the previous
choices on the inversion results, are presented in Sect. 4.6.
4 Results and discussion
The performed inversions are summarized in Table 1. The
right column of Fig. 2 illustrates the seasonally averaged
HCHO columns for 2006 inferred from the I2 optimiza-
tion. Comparison between the observed, a priori and updated
columns shows that the optimization brings the model closer
to the measurements at all latitudes and all seasons compared
to the a priori simulated columns. This is reflected in a cost
function reduction by about 25% in both inversions. For the
sake of simplicity, only global maps from the I2 inversion
and for 2006 are shown here. Comparisons for the different
years will be also presented in this section.
Over northern Africa in wintertime and over North Amer-
ica in the growing season, the HCHO column is found to be
decreased by about 20% after optimization, whereas an in-
crease reaching 30% of the HCHO columns over southern
Africa is estimated during the local summer, and a signifi-
cant reduction of the columns over Indonesia is found to be
necessary to order to counterbalance the overestimated a pri-
ori columns. These column updates imply changes in the
underlying biogenic and pyrogenic NMVOC emissions, as
illustrated by the ratio of the optimized to the a priori annual
emissions for 2006 shown in the bottom panels of Figs. 3
and 4. Note that both the a priori and optimized emissions
are monthly and diurnally averaged values. Although on the
global scale the inferred emissions from the two categories
exhibit only weak to moderate deviations from the corre-
sponding a priori estimates, as summarized in Table 2, the
regional updates often present large departures from their a
priori values. A description of the inversion results by region
follows hereunder.
Table 2. Global total a priori pyrogenic NMVOC and biogenic iso-
prene emissions per year and updated emissions derived from the
inversion studies I1 and I2 of Table 1. Units are Tg/yr.
Year 2003 2004 2005 2006
Pyrogenic fluxes (Tg/yr)
GFEDv1 97 98 102 80
I1 99 90 96 76
GFEDv2 88 92 93 86
I2 86 79 80 72
Isoprene fluxes (Tg/yr)
A priori 412 423 449 424
I1 422 413 452 421
I2 434 428 476 428
4.1 Southern Africa
The largest isoprene flux change is found over southern
Africa, where the annually averaged posterior emissions are
estimated to be 60% higher than the a priori values over an
extended region (5–25◦ S, 15–35◦ E), while an increase of
more than a factor of two is obtained over a narrow band ex-
tending through Zambia (10–20◦ S, 25–30◦ E). A priori iso-
prene emissions over southern Africa show a strong season-
ality, with a decline from a maximum in January and Febru-
ary to a minimum in July due to low rainfall and leaf drop
(Fig. 5, fourth panel), whereas the updated fluxes exhibit
a much stronger variability with a peak-to-trough ratio of
4.5 for 2006. The same pattern is repeated for the differ-
ent years with minor variations. As follows from Fig. 5,
the mean a priori biogenic emission through 2003–2006 is
equal to 37 Tg C/yr, whereas the posterior estimate amounts
to 57 Tg C/yr after both inversions, which is found to be in
excellent agreement with the isoprene flux of 56 Tg C/yr es-
timated by Otter et al. (2003), based on detailed vegetation
species information and emission capacity measurements
performed in Africa south of the equator. The same study re-
ports that light-dependent monoterpene emitters, having high
emission rates, have been identified over the region experi-
encing the largest isoprene update. Such compounds, not
accounted for in the model, could contribute to the HCHO
production and partly explain the model/data discrepancies.
The beginning of the fire season coincides with the senes-
cent phase of the vegetation. As shown in Fig. 5, the maxi-
mum of biogenic emissions corresponds to the minimum of
fire occurence and vice versa. Although over the extended
region the posterior pyrogenic emission strengths lie on av-
erage very close to the a priori estimates, the SCIAMACHY
data suggest a decrease of the a priori NMVOC emissions
by 20% over the Central East Africa (Congo/Angola), and
an increase varying between 10–30% over the southeastern
www.atmos-chem-phys.net/9/3663/2009/ Atmos. Chem. Phys., 9, 3663–3679, 2009
3670 T. Stavrakou et al.: Multi-year inversion of SCIAMACHY formaldehyde columns
Fig. 3. Top: a priori isoprene emissions for 2006. Inferred ratios of
the posterior to the a priori biogenic emissions from the I1 (center)
and the I2 optimization (bottom).
part of the continent (Fig. 4), whereas the derived pyrogenic
estimates from both inversions tend to exhibit similar pat-
terns after optimization (Fig. 5, third panel). The observed
HCHO columns are compared with the a priori and opti-
mized columns in Fig. 6 (fourth panel). The columns exhibit
a moderate seasonal variability and range between 7×1015
and 13×1015 molec./cm2. A significant bias reduction is ob-
tained after optimization over this region, with most of the
emission change taken over by the isoprene source.
4.2 Northern Africa
The fire activity over this region progresses eastwards from
November through February, peaking over western Africa in
November–December and over Central Africa in January–
February, whereas its minimum is observed from May to
September, as shown in Fig. 5 (first panel). Both optimiza-
tions infer a decrease of pyrogenic emissions over Central
Africa (Fig. 4), which is more significant in the I2 results
(30–40%), as the use of GFEDv2 leads to a large column
overestimation (Fig. 6, third panel). A satisfactory level of
convergence of the posterior pyrogenic fluxes is achieved
(Fig. 5). The GFEDv1 database is on average by 20–30%
lower than the GFEDv2 inventory over this region, and seems
to better capture the intensity of the fire events. Nevertheless,
the lack of aerosol correction in the retrieval might introduce
a bias in the HCHO columns during important fire events,
and erroneously lead to the conclusion that the GFEDv2 in-
ventory is too high. Note, however, that an independent
study using the same emission database pointed also to a
large model overestimation when compared to observed NO2
columns over this region (Stavrakou et al., 2008). The annual
posterior biogenic emissions over northern Africa stay very
close to the a priori estimates, with low interannual variabil-
ity. The mean posterior biogenic African source over 2003–
2006 is estimated at 109 Tg C/yr and is found to be simi-
lar to a previous estimate based on GOME HCHO columns
(103.3 Tg C/yr, Shim et al., 2005).
4.3 Southeast Asia
The Indochina peninsula and Indonesia are the dominant
contributors to the biogenic and pyrogenic NMVOC fluxes
in Southeast Asia. In Indochina, the driest months, Novem-
ber to February, are followed by the hottest months, March to
May (fire season), before the onset of the raining season, last-
ing from May to October. As displayed in the first panel of
Fig. 7, both biomass burning inventories catch the timing and
the magnitude of the fire events, although the use of GFEDv2
leads to a slight underestimation of the columns. The inver-
sions bring the posterior emissions closer to each other and
to the data. The excellent agreement between the a priori
columns and the data during the rainy season yields confi-
dence to the isoprene database used, and in this case, the op-
timization brings only slight changes to the parent biogenic
fluxes. In consistency with our results, no inferred change
in biogenic fluxes over Indochina is found by the Fu et al.
(2007) inversion study, which used GOME HCHO measure-
ments over 1996–2001.
Indonesia (10◦ S–5◦ N, 95–150◦ E) is influenced by the
dry Australian continental air masses from June to Novem-
ber and by ocean masses during the rest of the year, but may
exhibit deviations from this general description due to local
atmospheric conditions and the El Nin˜o-La Nin˜a occurences.
While the 2006 El Nin˜o was rather weak compared to 1997–
1998, massive forest fires have burst out across Borneo and
Sumatra in September–October 2006 and some of the high-
est deforestation rates ever have been recorded in Indonesia.
As shown on Fig. 7, both pyrogenic inventories capture the
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Fig. 4. Ratios of the posterior to the a priori pyrogenic NMVOC emissions deduced from I1 and I2 inversion for 2006.
timing of the maximum, although its intensity varies consid-
erably between the two estimates, 7 Tg in GFEDv1 and 19 Tg
in GFEDv2 in 2006 (Fig. 5). The enhanced emissions of
GFEDv2 over this region are explained by the below ground
burning of decayed plant matter which is taken into account
in this version of the inventory (van der Werf et al., 2006).
The reduction by almost a factor of two of the GFEDv2 2006
estimate provides an excellent posterior agreement with the
observed HCHO columns over Indonesia, whereas the poste-
rior I1 pyrogenic fluxes do not yield any significant improve-
ment compared to the a priori simulation. Note, however,
that the lack of an aerosol correction over fire scenes in the
HCHO retrieval is a potentially important source of error for
the inferred biomass burning NMVOC fluxes. According to
the estimate by Fu et al. (2007), the air mass factors are found
to be reduced by up to 40% due to the presence of absorb-
ing aerosols, and thus, the retrieved HCHO columns coud
be much higher over biomass burning events. The a priori
model overestimation over Indonesia in GFEDv2 might be
partly explained by the lack of aerosol correction, and thus
the significant inferred flux decreases could be more moder-
ate.
The inverse modelling suggests a decrease by 30% of
the biogenic source over Indonesia from the mean value
of 33 Tg C/yr over 2003–2006 to 23 Tg C/yr for both inver-
sions.A 21% decrease is found over Indonesia and Indochina,
from 40.2 to 31.8 Tg C for 2006 (Table 3). A similar decrease
is also reported by Fu et al. (2007), but their a priori estimate
(23.8 Tg C/yr) is significantly lower than ours. The inversion
study by Shim et al. (2005) suggests a 45% increase with re-
spect to the a priori value of 20 Tg C/yr, which brings their
inferred estimate closer to our biogenic flux estimate for this
region.
4.4 North America
Biogenic emissions over North America have been the sub-
ject of many studies attempting to infer their magnitude, sea-
sonal and interannual variability based on HCHO columns
detected from space. Although a general consistency be-
tween these studies is demonstrated (Abbot et al., 2003;
Palmer et al., 2006; Shim et al., 2005; Millet et al., 2006),
a careful look to the inferred estimates reveals large discrep-
ancies in the reported biogenic fluxes over this region. More
precisely, whereas the GOME-derived isoprene emission is
found to be by 20% lower than the GEIA estimate (Palmer
et al., 2003), an increase by 20% with respect to the GEIA
inventory is reported by Shim et al. (2005), although both
studies use the same HCHO retrieval (but different inversion
methods, a linear transfer function and a Bayesian aproach,
respectively). The HCHO columns over North America ex-
hibit a pronounced seasonality with values ranging between
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Fig. 5. Interannual variation of pyrogenic and biogenic emissions for N. Africa (0–40◦ N, 30◦ W–50◦ E), S. Africa (0–40◦ S, 0–60◦ E),
Amazonia (15◦ S–10◦ N, 55–80◦ W), Indonesia (10◦ S–5◦ N, 95–150◦ E), and Eastern US (30–40◦ N, 75–95◦ W). On the left: monthly a
priori pyrogenic emissions are displayed in dotted lines, in blue for GFEDv1 and in red for GFEDv2. Solid lines are used for the updated
emissions, blue for I1 and red for I2. Annual a priori and posterior emissions for each year are shown inset, the a priori on the left, the
posterior on the right. On the right: monthly a priori biogenic emissions are in black. Updates from I1 are in blue, from I2 in red. Annual a
priori and posterior emissions for each year are shown inset.
5×1015 molec./cm2 and 13×1015 molec./cm2 (Fig. 6, first
two panels), whereas the largest divergence between the a
priori and the data is observed from June through August.
As shown on Fig. 5 and illustrated in Table 3, the bio-
genic fluxes are significantly decreased after optimization
over this region. The annual reduction varies between 32%
and 45% over 2003–2006 in the eastern US, whereas the
2006 posterior isoprene emissions over the US are estimated
at 11.5 Tg C, 38% lower than the a priori (Table 3). It is worth
noting that the HCHO retrieved columns by De Smedt et al.
(2008) are about 30% lower than the GOME columns by
Chance et al. (2000) used in previous studies. The reasons of
the discrepancy between the two HCHO datasets over this re-
gion are unclear. The low biogenic emissions inferred by our
study are supported, however, by the OMI-derived biogenic
fluxes from June through August 2006 (Millet et al., 2008),
which are found to be up to 23% lower than their a priori
MEGAN estimate. Further, the MEGAN inventory is found
to be overestimated by up to a factor of two when compared
to estimates based on airborne measurements (Warneke et al.,
2007). Finally, a sensitivity calculation performed using
halved isoprene emissions over the US resulted in a signifi-
cant bias reduction between the INTEX-A campaign HCHO
concentrations (Singh et al., 2006; Fried et al., 2008; Heikes
et al., 2001) and the model concentrations in the boundary
layer (Stavrakou et al., 2009).
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Fig. 6. Monthly averaged modelled and observed HCHO columns over the US, Africa and Indonesia. Dashed lines correspond to the a priori,
solid lines to the optimized columns. The results of the I1 and I2 inversion are in blue and red, respectively.
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Fig. 7. Monthly averaged modelled and observed HCHO columns over Southeast Asia. Line codes are as in Fig. 6.
Table 3. 2006 a priori pyrogenic NMVOC and isoprene emissions by region and updated emissions derived from I1 and I2 of Table 1.
Regions are: N. Africa : 0–40◦ N, 30◦ W–50◦ E, S. Africa : 0–40◦ S, 0–60◦ E, US: 30–45◦ N, 70–125◦ W, Amazonia: 15◦ S–10◦ N, 55–
80◦ W, Indonesia: 10◦ S–5◦ N, 95–150◦ E, Indochina: 5–20◦ N, 90–110◦ E. Units are Tg/yr.
MEGAN-
Region GFEDv1 I1 GFEDv2 I2 ECMWF I1 I2
Northern Africa 13.3 11.1 17.3 11.5 60.3 59.5 59
Southern Africa 15.4 16 16.6 16.5 42 64.3 62.3
North America 5.6 5.3 3.3 3.3 45 33.8 33.8
US 1.2 1.2 0.5 0.5 21 13 13
South America 23 22.8 11.7 12.2 119.4 129.3 143.6
Amazonia 12.7 12.6 8.5 8.8 75 75.2 80.2
Indonesia 7.5 6.5 19.5 10.3 35.5 27.9 24.9
Indochina 2.7 2.7 1.9 3.2 10.1 9.4 9.9
4.5 Amazonia
Although Amazonia is thought as the region where rain, high
humidity and warmth meet all-year round, large portions of
the Amazon experience months of seasonal drought every
year. The number of fire occurences during the fire sea-
son, lasting from August to November, nearly doubled in
the six-year period between 2000 and 2005 (Koren et al.,
2007). In particular, during the 2005 dry season the south-
western Amazonia experienced a severe drought, which in-
duced the massive fires in the Brazilian state of Acre (Araga˜o
et al., 2007). This is reflected in the HCHO column enhance-
ment detected by SCIAMACHY for this year over this re-
gion (Fig. 6, panel 6). Both pyrogenic emission inventories
allow for a very good consistency with the data during the
fire season, and an excellent agreement is found between the
a priori model and the data over the extended western Ama-
zonian region (10◦ S–5◦ N, 65–75◦ W, panel 5 of the same
figure). Therefore, almost no change in the a priori biomass
burning fluxes is inferred by the inversion (Table 3, Fig. 4),
as opposed to a previous study (Shim et al., 2005) reporting
a five-fold increase in biomass burning estimates over this
region.
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Table 4. Sensitivity studies performed using the GFEDv1 database.
Sensitivity inversion Description
S1 a priori errors on the emission parameters halved
S2 a priori errors on the emission parameters doubled
S3 decorrelation length for biogenic emissions doubled
S4 zero decorrelation length for biogenic emissions
S5 modify the chemistry of isoprene as in Lelieveld et al. (2008)
S6 isoprene degradation as in the GEOS-Chem model (Evans et al., 2003)
The GFEDv1 inventory is found to be on average by 35%
higher than GFEDv2 over 2003–2006 in the extended Ama-
zon region, a difference due to large discrepancies in the
eastern part of the Amazon basin. In particular, over the
Central-East Brazilian states Maranha˜o and Para`, the use
of GFEDv2 leads to a severe underestimation of the mod-
elled columns during the burning season (Fig. 6, last panel),
whereas the use of GFEDv1 results in a better consistency
with the data, despite the associated overestimation. The sub-
stantial bias reduction after the I1 optimization over central
eastern Brazil is realized by decreasing the pyrogenic source
by up to 20% and by increasing the biogenic flux by 20–60%
(Figs. 3 and 4). The model/data bias reduction in the I2 sce-
nario is achieved by a strong increase of the biogenic source,
necessary in order to compensate for the low GFEDv2 emis-
sions (Fig. 3), leading thus to an erroneous estimate for the
biogenic source over this region. This result highlights the
fact that, due to the overlap of the different emission source
types, the quantification of the NMVOC emissions using in-
verse modelling of HCHO columns, should be conducted
with particular care in order to avoid misinterpretations of
the results.
Isoprene fluxes measured at two sites located in Central
Amazon basin, Tapajo`s (2◦ S, 55◦ W) and Manaus (2◦ S,
60◦ W) yield contradicting indications about the validity of
the MEGAN-ECMWF estimates over this region. While
MEGAN-ECMWF is found to be strongly overestimated in
the Tapajo`s region (Mu¨ller et al., 2008), the isoprene fluxes
over Manaus were found to be in good agreement with
GEIA (Kuhn et al., 2007), which is higher than MEGAN-
ECMWF over this region. Moreover, the MEGAN flux is
found to be a factor of two higher that the surface flux iso-
prene measurements derived during the GABRIEL campaign
in French Guyana and Suriname (Ganzeveld et al., 2008;
Eerdekens et al., 2008). In contrast to the above deviations,
the SCIAMACHY-derived isoprene emissions do not suggest
significant departures from the a priori.
4.6 Sensitivity inversions
To quantify the importance of the inversion setup on the in-
ferred NMVOC emission results, we conducted a number of
sensitivity studies, which are summarized in Table 4. The
a priori errors on the emission parameters, taken equal to
0.9 in the standard inversion for both emission categories,
are now halved (S1) or doubled (S2), and the decorrelation
length for isoprene emissions is set either to 1000 km or to
zero (S3 and S4). The motivation for the S5 sensitivity study
lies in the recent suggestion that the oxidation of isoprene
recycles OH more efficiently than generally assumed under
low NOx regimes, and that this could explain the underes-
timation of OH levels by current models over the pristine
Amazon forest (Lelieveld et al., 2008). Our isoprene degra-
dation scheme has thus been modified to include a produc-
tion of two OH radicals in the reaction of first generation
peroxy radicals from isoprene with HO2. In addition, the
rate of the OH + isoprene reaction is reduced by 30% as rec-
ommended by Butler et al. (2008) in order to account for the
isoprene/OH segregation effect. Finally, the isoprene degra-
dation mechanism of the GEOS-Chem model (Evans et al.,
2003) is used in the last sensitivity scenario. The GFEDv1
database is chosen as a priori inventory for carrying out the
sensitivity exercises, and the results are compared with the
corresponding estimates from the standard I1 inversion.
Changing the errors on the emission parameters is found
to have a significant impact on the cost reduction obtained
after optimization, which amounts to 10, 22 and 43% in the
inversions S1, I1 (standard) and S2, respectively. The poste-
rior pyrogenic emission estimates derived by the sensitivity
tests are robust in all cases, with only weak deviations from
the estimates of the standard I1 inversion. As seen on Fig. 8,
which summarizes the deduced biogenic emissions by region
for all inversions, the most significant departure from the a
priori is found in the S2 results, whereas the posterior lies
closest to the a priori in the S1 optimization, due to the strong
trust assigned to the a priori inventory magnitudes and spa-
tiotemporal patterns. The spread of regional flux estimates in
the S1/S2 tests ranges between −23% and 23% compared to
the I1 results over southern Africa and eastern US, whereas
the dispersion is much less significant over Indonesia (−10%
and 15%) and Amazonia (−6% and 12%), respectively.
Very weak (less than 12%) is the sensitivity inferred in the
S3/S4 experiments over the different regions (Fig. 8). Setting
the biogenic length scale to zero means that the information
content from emitting regions is not allowed to propagate
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Fig. 8. Isoprene emissions by region inferred by the inversion I1
(using GFEDv1) for the year 2003, and comparison with the emis-
sions deduced from the sensitivity tests S1–S6 described in Table 4.
Units are Tg/yr.
across contiguous areas, which are not very strongly con-
strained by the observations. This results in unrealistic hot
spots in the inferred emission patterns, with the highest emit-
ting grid cells undergoing the largest changes, whereas, the
adjacent grid cells with lower emissions being not affected at
all. Note also that the sensitivity of the results to these two
scenarios would be probably larger if the model were run at
a finer horizontal resolution.
Not surprisingly, due to the artificially imposed OH recy-
cling in the S5 inversion, the surface concentrations of OH
are found to be by more than a factor of two higher than
in the I1 inversion over the Amazon forest. However, the
HCHO surface concentrations calculated by I1 and S5 over
this region do not differ significantly, despite the expected
change induced by the enhanced sink term. This reflects the
fact that photolysis is by far the dominant HCHO sink at the
surface over Amazonia, and therefore, the calculated mod-
elled HCHO columns are not affected by the additional OH
source.
A global increase by 38% of the isoprene source strength
is deduced from the S6 experiment. This is mainly due to the
lower HCHO yield from isoprene (by 17% under high NOx
conditions) in the GEOS-Chem mechanism compared to our
mechanism (Palmer et al., 2006; Stavrakou et al., 2009). The
difference between the two mechanisms is more significant
under low NOx levels, where the GEOS-Chem yields are
found to be by 35–50% lower than those calculated under
high NOx conditions, whereas the IMAGEsv2 yields are only
slightly lower under low NOx conditions (Stavrakou et al.,
2009). As a result, the posterior isoprene source increase is
found to be more significant over tropical regions (30% in
South Asia, 40% in South America), whereas the increase
inferred in the mid-latidudes of the Northern Hemisphere is
moderate (11% over North America). Such large discrepan-
cies reflect important differences between the GEOS-Chem
and MCM mechanisms, in particular, regarding the depen-
dence of the HCHO yield from isoprene on the NOx abun-
dancies. It is worth noting in this context that comparisons
of model results with airborne measurements over Surinam
in Amazonia suggest that the MCM mechanism (to which
the IMAGESv2 mechanism is lined up) might overestimate
the HCHO yield from isoprene under low NOx conditions
(Butler et al., 2008).
5 Conclusions
This is the first study reporting estimates of pyrogenic and
biogenic NMVOC emission strengths on the global scale
constrained by formaldehyde columns retrieved from the
SCIAMACHY instrument over 2003–2006. Our inversion
framework, based on the adjoint model of the IMAGESv2
CTM, enables the optimization of the emission fluxes at the
model resolution. A large number of HCHO precursors is
included in the model, as well as state-of-the-art knowledge
about degradation schemes and speciation for pyrogenically
emitted species.
The GFED version 1 and 2 biomass burning inventories
and the MEGAN-ECMWF database for isoprene are used to
drive the model. Two inversion experiments are conducted,
using GFEDv1 (I1) or GFEDv2 (I2) as a priori. Although the
global posterior estimates remain very close to the a priori
values, important changes are often inferred on the regional
scale, however.
In Africa north of the equator, the inversions clearly sug-
gest a decrease in the biomass burning source, by 16% and
35% with respect to GFEDv1 and GFEDv2. The strongest
isoprene source change is encountered in southern Africa.
The suggested average increase in the biogenic emissions
over 2003–2006 amounts to 55%, and the posterior isoprene
emission (57 Tg C/yr) agrees quite well with literature iso-
prene flux estimates in this region.
Whereas both GFEDv1 and v2 are consistent over In-
dochina and result in a very good agreement with the ob-
served HCHO columns, a serious overestimation of the a
priori columns is found over Indonesia when GFEDv2 is
used. The a priori biogenic source over Indochina yields a
nice model/data match, whereas over Indonesia a decrease
by 20–30% is necessary to compensate for the high ob-
served columns. The resulting isoprene emission estimate
(23 Tg C/yr) agrees reasonably well with literature values.
The a priori simulations reproduce very well the observa-
tions over Amazonia, and thus no significant emission update
is inferred over this region, as opposed to previous work sug-
gesting a large increase of the isoprene source. However,
over the central-eastern Amazon basin, the use of GFEDv1
or GFEDv2 leads either to overestimated or to strongly un-
derestimated columns, respectively. Both inversions succeed
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in decreasing the model/data biases, but the I2 inversion fails
to produce a reasonable posterior emission pattern.
Isoprene emissions over North America are found to be
by 25% lower than their a priori estimate over 2003–2006,
the reduction being more important in the eastern US. The
contiguous US isoprene flux for 2006 (11.5 Tg C) is by 38%
lower than the a priori. The suggested decrease, not reported
in previous inversion studies using Chance et al. (2000)
GOME HCHO columns, is due to our significantly lower
HCHO columns over this region compared to Chance et al.
(2000). Insofar as the reasons of the discrepancy in the re-
trievals are unknown until now, the OMI satellite measure-
ments imply also a decrease up to 23% in the MEGAN esti-
mate, corroborating our derived fluxes.
Although the inferred emissions are found to be only
weakly sensitive to changes in the inversion setup (errors,
correlations), they depend strongly on the choice of the
degradation mechanism for isoprene, as shown by a sensitiv-
ity test performed with the GEOS-Chem model isoprene ox-
idation scheme. In this inversion experiment, the global iso-
prene source increases by 38% compared to our standard in-
version results, the increase being more significant over low
NOx areas in the Tropics. This strong sensitivity, associated
to large uncertainties in the HCHO yields from isoprene un-
der different NOx regimes, reflects the currently incomplete
knowledge of the reactions involved in the isoprene oxida-
tion.
The omission of aerosol correction over fire scenes is a
recognized important source of error for the inferred biomass
burning NMVOC fluxes, which would lead to by up to
40% lower retrieved HCHO columns. Therefore, the sig-
nificant flux decreases inferred over e.g. Indonesia (when
using GFEDv2) could be more moderate, whereas the de-
duced biomass burning flux increases over e.g. Amazonia
and southern Africa (with GFEDv2) might be even more im-
portant. The effect of the inclusion of aerosols in the HCHO
retrievals is under investigation and will be quantified in a
future study.
Finally, it should be acknowledged that the inferred
NMVOC emission estimates depend crucially on the quality
of HCHO columns observed from space. The large differ-
ences in the derived source strengths by different modelling
groups might be partly due to the sometimes large discrep-
ancies between the estimated columns by different retrieval
groups (De Smedt et al., 2008). Hence, it is clear that an
intercomparison exercise between the different datasets, as
well as confrontation with available ground-based and air-
borne measurements, should be foreseen if we want to best
take advantage of the measurements and acquire additional
insight into the underlying processes involved.
Acknowledgements. This work has been supported by the
PRODEX programme of the ESA funded by the Belgian Science
Policy Office.
Edited by: B. N. Duncan
References
Abbot, D., Palmer, P. I., Martin, R. V., Chance, K. V., Jacob,
D. J., and Guenther, A.: Seasonal and interannual variability of
North American isoprene emissions as determined by formalde-
hyde column measurements from space, Geophys. Res. Lett., 30,
1886, doi:10.1029/2003GL017336, 2003.
Andreae, M. O. and Merlet, P.: Emission of trace gases and aerosols
from biomass burning, Global Biogeochem. Cy., 15, 955–966,
2001.
Araga˜o, L. E. O. C., Malhi, Y., Roman-Cuesta, R. M., Saatchi, S.,
Anderson, L. O., and Shimabukur, Y. E.: Fingerprints of the
1997/1998 and 2005 droughts and their impact on the suscep-
tibility of Amazonian rainforests to fires, Geophys. Phys. Lett.,
34, L07701, doi:10.1029/2006GL028946, 2007.
Butler, T. M., Taraborrelli, D., Bru¨hl, C., Fischer, H., Harder, H.,
Martinez, M., Williams, J., Lawrence, M. G., and Lelieveld,
J.: Improved simulation of isoprene oxidation chemistry with
the ECHAM5/MESSy chemistry-climate model: lessons from
the GABRIEL airborne field campaign, Atmos. Chem. Phys.
Discuss., 8, 6273–6312, 2008, http://www.atmos-chem-phys-
discuss.net/8/6273/2008/.
Cantrell C. A., Davidson, J. A., McDaniel, A. H., Shetter, R. E.,
and Calvert, J. G.: Temperature-dependent formaldehyde cross
sections in the near-ultraviolet spectral region, J. Phys. Chem,
94, 3902–3908, 1990.
Chance, K. V., Palmer, P. I., Spurr, R. J. D., Martin, R. V., Kurosu,
T. P., and Jacob, D. J.: Satellite observations of formaldehyde
over North America from GOME, Geophys. Res. Lett., 27,
3461–3464, 2000.
Chance, K. V., Kurosu, T. P., and Rothman, L. S.: HCHO retrieval
in OMI Algorithm Theoretical Basis Document, Volume IV –
OMI Trace gas algorithms, ATBD-OMI-04, Version 2.0, edited
by: Chance, K., Cambridge, 2002.
Cohen, R. C., Helmig, D., and Lelieveld, J. (Eds.): The “Guyanas
Atmosphere-Biosphere exchange and Radicals Intensive Exper-
iment with a Learjet” (GABRIEL) measurement campaign in
October 2005, Atmos. Chem. Phys., Special Issue, available at:
http://www.atmos-chem-phys.net/special issue88.html, 2008.
Dentener, F., Kinne, S., Bond, T., Boucher, O., Cofala, J., Generoso,
S., Ginoux, P., Gong, S., Hoelzemann, J. J., Ito, A., Marelli,
L., Penner, J. E., Putaud, J.-P., Textor, C., Schulz, M., van der
Werf, G. R., and Wilson, J.: Emissions of primary aerosol and
precursor gases in the years 2000 and 1750 prescribed data-
sets for AeroCom, Atmos. Chem. Phys., 6, 4321–4344, 2006,
http://www.atmos-chem-phys.net/6/4321/2006/.
De Smedt, I., Mu¨ller, J.-F., Stavrakou, T., van der A, R., Eskes, H.,
and Van Roozendael, M.: Twelve years of global observations
of formaldehyde in the troposphere using GOME and SCIA-
MACHY sensors, Atmos. Chem. Phys., 8, 4947–4963, 2008,
http://www.atmos-chem-phys.net/8/4947/2008/.
Eerdekens, G., Ganzeveld, L., Vila´-Guerau de Arellano, J., Klu¨pfel,
T., Sinha, V., Yassaa, N., Williams, J., Harder, H., Kubistin,
D., Martinez, M., and Lelieveld, J.: Flux estimates of iso-
prene, methanol and acetone from airborne PTR-MS measure-
ments over the tropical rainforest during the GABRIEL 2005
campaign, Atmos. Chem. Phys. Discuss., 8, 12903–12969, 2008,
http://www.atmos-chem-phys-discuss.net/8/12903/2008/.
Evans, M. J., Fiore, A., and Jacob, D. J.: The GEOS-Chem chem-
ical mechanism version 5-07-8, Harvard University, Cambridge,
www.atmos-chem-phys.net/9/3663/2009/ Atmos. Chem. Phys., 9, 3663–3679, 2009
3678 T. Stavrakou et al.: Multi-year inversion of SCIAMACHY formaldehyde columns
MA, USA, online available at: http://homepages.see.leeds.ac.uk/
∼lecmje/GEOS-CHEM/geoschem mech.pdf, 2003.
Fried, A., Walega, J. G., Olson, J. R., Crawford, J. H., Chen, G.,
Weibring, P., Richter, D., Roller, C., Tittel, F., Heikes, B. G.,
Snow, J. A., Shen, H., O’Sullivan, D. W., Porter, M. J., Fuel-
berg, H. E., Halland, J. J., and Millet, D. B.: Formaldehyde
over North America and the North Atlantic during the Sum-
mer 2004 INTEX Campaign: Methods, Observed Distributions,
and Measurement-Comparisons, J. Geophys. Res., 113, D10302,
doi:10.1029/2007JD009185, 2008.
Fu, T.-M., Jacob, D. J., Palmer, P. I., Chance, K., Wang,
Y. X., Barletta, B., Blake, D. R., Stanton, J. C., and Pilling,
M. J.: Space-based formaldehyde measurements as constraints
on volatile organic compound emissions in east and south Asia
and implication for ozone, J. Geophys. Res., 112, D06312,
doi:10.1029.2006JD007853, 2007.
Ganzeveld, L., Eerdekens, G., Feig, G., Fischer, H., Harder,
H., Ko¨nigstedt, R., Kubistin, D., Martinez, M., Meixner, F.
X., Scheeren, H. A., Sinha, V., Taraborrelli, D., Williams, J.,
Vila´-Guerau de Arellano, J., and Lelieveld, J.: Surface and
boundary layer exchanges of volatile organic compounds, nitro-
gen oxides and ozone during the GABRIEL campaign, Atmos.
Chem. Phys., 8, 6223–6243, 2008, http://www.atmos-chem-
phys.net/8/6223/2008/.
Giglio, L., van der Werf, G. R., Randerson, J. T., Collatz, G. J., and
Kasibhatla, P.: Global estimation of burned area using MODIS
active fire observations, Atmos. Chem. Phys., 6, 957–974, 2006,
http://www.atmos-chem-phys.net/6/957/2006/.
Giglio, L.: Characterization of the tropical diurnal fire cycle using
VIRS and MODIS observations, Remote Sens. Environ., 108,
407–421, 2007.
Gilbert, J.-C. and Lemare´chal, C.: Some numerical experiments
with variable storage quasi-Newton algorithms, Math. Pro-
gramm., 45, 407–435, 1989.
Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer, P.
I., and Geron, C.: Estimates of global terrestrial isoprene
emissions using MEGAN (Model of Emissions of Gases and
Aerosols from Nature), Atmos. Chem. Phys., 6, 3181–3210,
2006, http://www.atmos-chem-phys.net/6/3181/2006/.
Heikes, B., Snow, J., Egli, P., O’Sullivan, D., Crawford, J., Olson,
J., Chen, G., Davis, D., blake, N., and Blake, D.: Formaldehyde
over the central Pacific during PEM-Tropics B, J. Geophys. Res.,
106(D23), 32717–32731, 2001.
Karl, T., Guenther, A., Yokelson, R. J., Greenberg, J., Poto-
snak, M., Blake, D. R., and Artaxo, P.: The tropical for-
est and fire emissions experiment: Emission, chemistry, and
transport of biogenic volatile organic compounds in the lower
atmosphere over Amazonia, J. Geophys. Res., 112, D18302,
doi:10.1029/2007JD008539, 2007a.
Karl, T. G., Christian, T. J., Yokelson, R. J., Artaxo, P., Hao, W.
M., and Guenther, A.: The Tropical Forest and Fire Emissions
Experiment: method evaluation of volatile organic compound
emissions measured by PTR-MS, FTIR, and GC from tropical
biomass burning, Atmos. Chem. Phys., 7, 5883–5897, 2007b,
http://www.atmos-chem-phys.net/7/5883/2007/.
Koelemeijer, R. B. A., Stammes, P., Hovenier, J. W., and de
Haan, J. F.: Global distributions of effective cloud fraction
and cloud top pressure derived from oxygen A band spectra
measured by the Global Ozone Monitoring Experiment: com-
parison to ISCCP data, J. Geophys. Res., 107(D12), 4151,
doi:10.1029/2001JD000840, 2002.
Koelemeijer, R. B. A., de Haan, J. F., and Stammes, P.: A database
of spectral surface reflectivity in the range 335-772 nm de-
rived from 5.5 years of GOME observations, J. Geophys. Res.,
108(D2), 4070, doi:10.1029/2002JD002429, 2003.
Koren, I., Remer, L. A., and Longo, K.: Reversal of trend
of biomass burning in the Amazon, Geophys. Res. Lett., 34,
L20404, doi:10.1029/2007GL031530, 2007.
Kuhn, U., Andreae, M. O., Ammann, C., Arau´jo, A. C., Branca-
leoni, E., Ciccioli, P., Dindorf, T., Frattoni, M., Gatti, L. V.,
Ganzeveld, L., Kruijt, B., Lelieveld, J., Lloyd, J., Meixner, F.
X., Nobre, A. D., Po¨schl, U., Spirig, C., Stefani, P., Thielmann,
A., Valentini, R., and Kesselmeier, J.: Isoprene and monoter-
pene fluxes from Central Amazonian rainforest inferred from
tower-based and airborne measurements, and implications on
the atmospheric chemistry and the local carbon budget, Atmos.
Chem. Phys., 7, 2855–2879, 2007, http://www.atmos-chem-
phys.net/7/2855/2007/.
Kylling K., Stammes, P., andTsay, S. C.: A reliable and efficient
two-stream algorithm for spherical radiative transfer: Documen-
tation of accuracy in realistic layered media, J. Atmos. Phys., 21,
115–150, 1995.
Lelieveld, J. and Crutzen, P. J.: Influences of cloud photochemical
processes on tropospheric ozone, Nature, 343, 227–233, 1990.
Lelieveld, J., Butler, T. M., Crowley, J. N., Dillon, T. J., Fischer,
H., Ganzeveld, L., Harder, H., Lawrence, M. G., Martinez, M.,
Taraborrelli, D., and Williams, J.: Atmospheric oxidation capac-
ity sustained by a tropical forest, Nature, 452, 737–740, 2008.
Martin, R. V., Chance, K., Jacob, D. J., Kurosu, T. P., Spurr, R. J. D.,
Bucsela, E., Gleason, J. F., Palmer, P. I., Bey, I., Fiore, A. M., Li,
Q., Yantosca, R. M., and Koelemeijer, R. B. A.: An improved
retrieval of tropospheric nitrogen dioxide from GOME, J. Geo-
phys. Res., 107(D20), 4437, doi:10.1029/2001JD0010272001.
Meller, R. and Moortgat, G. K.: Temperature dependence of the ab-
sorption cross sections of formaldehyde between 223 and 323 K
in the wavelength range 225–375 nm, J. Geophys. Res., 105(D6),
7089–7101, 2000.
Millet, D. B., Jacob, D. J., Turquety, S., Hudman, R. C., Wu, S.,
Fried, A., Walega, J., Heikes, B. G., Blake, D. R., Singh, H. B.,
Anderson, B. E., and Clarke, A. D.: Formaldehyde distribu-
tion over North America: implications for satellite retrievals of
formaldehyde columns and isoprene emission, J. Geophys. Res.,
111, D24S02, doi:10.1029/2005JD006853, 2006.
Millet, D. B., Jacob, D. J., Fu, T.-M., Kurosu, T. P., Chance, K.,
Heald, C. L., and Guenther, A.: Spatial distribution of isoprene
emissions from North America derived from formaldehyde col-
umn measurements by the OMI satellite sensor, J. Geophys. Res.,
113, D02307, doi:10.1029/2007JD008950, 2008.
Mu¨ller, J.-F. and Brasseur, G.: A three-dimensional chemical trans-
port model of the global troposphere, J. Geophys. Res., 100,
16445–16490, 1995.
Mu¨ller, J.-F. and Stavrakou, T.: Inversion of CO and NOx
emissions using the adjoint of the IMAGES model, Atmos.
Chem. Phys., 5, 1157–1186, 2005, http://www.atmos-chem-
phys.net/5/1157/2005/.
Mu¨ller, J.-F., Stavrakou, T., Wallens, S., De Smedt, I., Van Roozen-
dael, M., Potosnak, M. J., Rinne, J., Munger, B., Goldstein,
A., and Guenther, A. B.: Global isoprene emissions estimated
Atmos. Chem. Phys., 9, 3663–3679, 2009 www.atmos-chem-phys.net/9/3663/2009/
T. Stavrakou et al.: Multi-year inversion of SCIAMACHY formaldehyde columns 3679
using MEGAN, ECMWF analyses and a detailed canopy en-
vironment model, Atmos. Chem. Phys., 8, 1329–1341, 2008,
http://www.atmos-chem-phys.net/8/1329/2008/.
Nichitiu, F., Drummond, J. R., Zou, J., and Deschambault, R.: Solar
particle events seen by the MOPITT instrument, J. Atmos. Sol.-
Terr. Phy., 66, 1797–1803, 2004.
Olivier, J .G. J., Berdowski, J. J. M., Peters, J. A. H. W., Bakker,
J., Visschedijk, A. J. H., and Bloos, J.-P. J.: Applications
of EDGAR. Including a description of EDGAR 3.0: refer-
ence database with trend data for 1970–1995, RIVM report
no. 773301 001/NOP report no. 410200 051, RIVM, Bilthoven,
The Netherlands, 2001.
Olivier, J .G. J.: Part III: Greenhouse gas emissions. 1. Shares and
trends in greenhouse gas emissions; 2. Sources and methods:
greenhouse gas emissions for 1990 and 1995 in “CO2 emissions
from fuel combustion 1971–2000”, 1–31, International Energy
Agency, Paris, ISBN 92-64-09794-5, 2002.
Olivier, J .G. J., Peters, J., Granier, C., Pe´tron, G., Mu¨ller, J.-F.,
and Wallens, S.: Present and future surface emissions of atmo-
spheric compounds, POET Report 2, EU project EVK2-1999-
00011, 2003.
Otter, L., Guenther, A., Wiedinmyer, C., Fleming, G., Harley,
P., and Greenberg, J.: Spatial and temporal variations in
biogenic volatile organic compound emissions for Africa
south of the equator, J. Geophys. Res., 108(D13), 8505,
doi:10.1029/2002JD002609, 2003.
Palmer, P., Jacob, D. J., Fiore, A. M., and Martin, R. V.: Map-
ping isoprene emissions over North America using formalde-
hyde observations from space, J. Geophys. Res., 108(D6), 4180,
doi:10.1029/2002JD002153, 2003.
Palmer, P., Abbot, D. S., Fu, T.-M., Jacob, D. J., Chance, K.,
Kurosu, T. P., Guenther, A., Wiedinmyer, C., Stanton, J. S.,
Pilling, M. J., Pressley, S. N., Lamb, B., and Summer, A. L.:
Quantifying the seasonal and interannual variability of North
American isoprene emissions using satellite observations of
the formaldehyde column, J. Geophys. Res., 111, D12315,
doi:10.1029/2005JD006689, 2006.
Platt, U.: Differential Optical Absorption Spectroscopy (DOAS),
in: Air Monitoring by Spectroscopic Techniques, edited by:
Sigrist, M. W., John Wiley and Sons, Inc., New York, 1994.
Po¨schl, U., von Kuhlmann, R., Poisson, N., and Crutzen, P. J.: De-
velopment and intercomparison of condensed isoprene oxidation
mechanisms for global atmospheric modeling, J. Atmos. Chem.,
37, 29–52, 2000.
Sander, S. P., Finlayson-Pitts, B. J., Friedl, R. R., Golden, D. M.,
Huie, R. E., Keller-Rudek, H., Kolb, C. E., Kurylo, M. J., Molina,
M. J., Moortgat, G. K., Orkin, L. V., Ravishankara, A. R., and
Wine, P. H.: Chemical Kinetics and Photochemical data for use
in atmospheric studies, Evaluation number 15, NASA Panel for
data evaluation, JPL Publication 06-2, Jet Propulsion Laboratory,
Pasadena, 2006.
Saunders, S. M., Jenkin, M. E., Derwent, R. G., and Pilling, M.
J.: Protocol for the development of the Master Chemical Mech-
anism, MCM v3 (Part A): tropospheric degradation of non-
aromatic volatile organic compounds, Atmos. Chem. Phys., 3,
161–180, 2003, http://www.atmos-chem-phys.net/3/161/2003/.
Singh H. B., Brune, W. H., Crawford, J. H., Jacob, D. J., and Rus-
sell, P. B.: Overview of the summer 2004 Intercontinental Chem-
ical Transport Experiment North America (INTEX-A), J. Geo-
phys. Res., 111, D24S01, doi:10.1029/2006JD007905, 2006.
Shim, C., Yang, Y., Choi, Y., Palmer, P. I., Abbot, D., and
Chance, K.: Constraining global isoprene emissions with
Global Ozone Monitoring Experiment (GOME) formalde-
hyde column measurements, J. Geophys. Res., 110, D24301,
doi:10.1029/2004JD005629, 2005.
Stammes, K., Tsay, S. C., Wiscombe, W., and Jayaweera, K.: Nu-
merically stable algorithm for discrete-ordinate-method radiative
transfer in multiple scattering and emitting layered media, Appl.
Optics, 27, 2505–2509, 1988.
Stavrakou, T. and Mu¨ller, J.-F.: Grid-base versus big region ap-
proach for inverting CO emissions using Measurement of Pollu-
tion in the Troposphere (MOPITT) data, J. Geophys. Res., 111,
D15304, doi:10.1029/2005JD006896, 2006.
Stavrakou, T., Mu¨ller, J.-F., Boersma, F., De Smedt, I., and
van der A, R.: Assessing the distribution and growth rates
of NOx emission sources by inverting a 10-year record of
NO2 satellite columns, Geophys. Res. Lett., 35, L10810,
doi:10.1029/2008GL033521, 2008.
Stavrakou, T., Mu¨ller, J.-F., De Smedt, I., Van Roozendael, M.,
van der Werf, G. R., Giglio, L., and Guenther, A.: Evaluating
the performance of pyrogenic and biogenic emission inventories
against one decade of space-based formaldehyde columns, At-
mos. Chem. Phys., 9, 1037–1060, 2009,
http://www.atmos-chem-phys.net/9/1037/2009/.
van der Werf, G. R., Randerson, J. T., Collatz, G. J., Giglio, L.,
Kasibhatla, P. S., Arellano Jr., A. F., Olsen, S. C., and Kasis-
chke, E. S.: Continental scale partitioning of fire emissions dur-
ing the 1997 to 2001 El Nin˜o/La Nin˜a period, Science, 303, 73–
76, 2004.
van der Werf, G. R., Randerson, J. T., Giglio, L., Collatz, G. J.,
Kasibhatla, P. S., and Arellano Jr., A. F.: Interannual variability
in global biomass burning emissions from 1997 to 2004, Atmos.
Chem. Phys., 6, 3423–3441, 2006,
http://www.atmos-chem-phys.net/6/3423/2006/.
Van Roozendael, M., Fayt, C., Lambert, J.-C., Pundt, I., Wagner, T.,
Richter, A., and Chance, K.: Development of a bromine oxide
product from GOME, in Proc. ESAMS’99, WPP-161, 543–547,
1999.
Wang, P., Stammes, P., van der A, R., Pinardi, G., and van Roozen-
dael, M.: FRESCO+: an improved O2 A-band cloud retrieval
algorithm for tropospheric trace gas retrievals, Atmos. Chem.
Phys., 8, 6565–6576, 2008,
http://www.atmos-chem-phys.net/8/6565/2008/.
Warneke, C., McKeen, S. and de Gouw, J. A., et al.: Determina-
tion of Biogenic Emissions from Aircraft Measurements During
TEXAQS2006 and ICARTT2004 Campaigns and Comparison
with Biogenic Emission Inventories, Eos Trans. AGU, 88(52),
Fall Meet. Suppl., Abstract A14D-05, 2007.
www.atmos-chem-phys.net/9/3663/2009/ Atmos. Chem. Phys., 9, 3663–3679, 2009
